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Abstract

The review aims to analyze the relationship between metabolic changes in muscle tissue occurring in space flight conditions
and other body systems during the developing atrophy. The data about the activity of various enzyme systems in muscles, liver
and myocardium are presented. It was shown that during the transformation of postural muscles, metabolism from the lipid to
carbohydrate, the activity of gluconeogenesis in the liver pathways is increased and the intensity of the oxygen consumption by

the heart muscle changes.
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Introduction

During a space flight (SF), human activity takes place in
unfavorable conditions that are a complex set of geophysical,
technological and social factors. Their combination acts as a
powerful incentive to adaptation, forming a new metabolic
status, which gives the body a survival advantage in an unusual
environment. Historically, the features of metabolism, the
modification of metabolic pathways during the rehabilitation
period after space flight, were studied most of all because
of the limited technical possibilities to study the state of the
metabolism during a flight [1,2]. Now, however, the available
experimental data enables us to form a coherent image of
the human metabolism adaptation state during a long flight
in space. The necessary etiopathogenetic substantiation for
the prevention of adverse changes in physiological systems
during very long space missions provides the particular
relevance for this analysis. The presented review mainly uses
the experimental data relating to the state of the metabolic rate
for a tissue level.
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The theoretical assumptions for the analytical
development of a coherent image of the adaptive metabolic
rate, which is formed during a SF, are the classic physiology
and biochemistry propositions. Since almost all metabolic
reactions in a body are interconnected, the product of one
enzymatic reaction may be the substrate for the one that plays
a role in the next stage. Metabolism is an extremely complex
network of enzymatic reactions, binding all body tissues to
organ cycles. Moreover, if the stream(s) of substrates in
any one part of the network is(are) modified, the changes in
the other part of the network will take place so that the first
change is balanced or compensated. The speed of the process
is regulated in accordance with the current needs of the body,
tissues and cells on any of the central metabolic pathways — a
catabolic or anabolic one. At the same time, all the reactions
are adjusted so that they are carried out most economically,
i.e., with the least possible expenditure of energy and matter.
Although anabolic and catabolic pathways are not identical,
they are connected by organ cycles by the common amphibolic
stage (citric acid cycle and some auxiliary enzymatic
reactions). This stage of metabolism performs a dual function.
It is used not only for the oxidative catabolism, i.e. for the
breakdown of carbohydrates, fatty acids and amino acids, but
also serves as the first stage of many biosynthetic pathways for
which it is the source of precursors.

The muscle tissues have a special importance in space
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medicine and gravitational physiology for several reasons.
First of all, muscles are the largest tissues in the body: their
weight makes up about 30%—40% of the total body weight, and
the main metabolism makes up 25% of the body’s metabolism.
Besides, muscle tissue is the main producer of energy and,
finally, it is gravitationally dependent. Since the muscle tissue
is included in the basic metabolic cycles of organs (glucose-
lactate, pentose-phosphate, glucose-alanine cycle, urea cycle)
which bind it (by substrate flows) with the liver, kidneys,
myocardium, and brain, the effects of developing atrophy
should inevitably affect the metabolism of the whole body,
and in particular the energy substrate and precursor molecules
exchange (used for the biosynthesis of amino acids, fatty acids
and carbohydrates).

This review is an attempt to analyze the impact of the
changed metabolism of muscle tissue on the metabolism of
other body systems, especially on the cardiovascular system,
as one of the altered gravity (gravity discharge) action targets
during SF.

Muscle tissue

It is shown that during the real or simulated gravity
discharge, atrophic changes in the skeletal muscle fibers of
mammals and people develop [3]. The contractile performance
of the muscle fibers decreases and they become more rigid
[4-7]. The cross-sectional area of muscle fibers decreases
[8,9], and the myosin phenotype transformation rate increases
10,11]. Additionally, there are changes in the contractile protein
content [12] and the amount of myofibrillar apparatus [13,14].
These changes lead to a decrease in the efficiency of postural
muscles, which significantly complicates the implementation
of long-term space flights and the rehabilitation period after
their completion.

The experiments on rats showed that skeletal muscle
fatigue caused by the real or simulated gravity discharge, partly
due to the increased reliance on carbohydrate metabolism,
which in turn is due to a lower capacity for oxidation of
triglycerides [15,16]. Thus, the example of the rat lateral vastus
muscle fibers demonstrated that a nine-day spaceflight led to a
decrease of 37% in fatty acid oxidation [15]. It is also known
that the functional discharge led to an increase in the number
of “fast-twitch” fibers in soleus muscles from about 15% to
30% [17,18]. The elevated levels of glycogen in the muscle
may be the result of an increase in “fast-twitch” muscle fibers,
which are glycolytic. However, on the other hand, the gravity
discharge may affect metabolism in such a way that causes
the consumption of glycogen to increase in “slow-twitch” type
muscle fibers.

The glycogen content increase, according to the
literature [19,20], reaches its maximum during the first days
of antiorthostatic hanging. In this case, the amount of the
substrate increase was not affected by a decrease in the glucose
consumption rate. The authors suggest that such an increase
in glycogen levels was associated with decreased contractile
activity during the hanging, which caused inhibition of the
glycogen phosphorylase and therefore slowed the glycolysis
process [20]. Furthermore, the increased glycogen content

in the slow muscle fibers could be explained by selective
degradation of contractile proteins resulting in increased
concentrations of other chemical cells, in particular glycogen
[21,22]. However M.G.Tavitova et al. [23] showed that the
glycogen volume in the rat soleus muscle after a three-day
discharge was significantly reduced in the fast and a slow
fibers, although the restoration up to control values took place
on the 14" day.

It was shown that five-day gravity discharge resulted
in an increased insulin-stimulated glucose uptake [24]. The
increase in glycogen content was noted in the soleus muscle of
rats after a seven-day space flight of the Spacelab biosatellite
[25]. Furthermore, a 14-day stay in weightless conditions led
to an increase in hexokinase activity in the postural muscles
of rats [26], and the antiorthostatic hanging of the same period
led to an increase in glycogen content [27]. V. Grichko et al.
[28] determined the content of energy substrates in the m.
soleus fibers of monkeys exposed to 18-day immobilization.
Prior to the immobilization the glycogen concentration was
significantly higher in the type II fibers compared with slow
type I fibers. These data are consistent with the results obtained
in the experiment, during which we measured the glycogen
in the fibers of the general human thigh muscle [29]. After a
period of immobilization, there were no significant differences
in the content of monkey soleus muscle fiber substrates.

R.H. Fitts et al. [30] performed an experiment that
compared the level of glycogen in the soleus muscle fibers of a
man after a 17-day space flight and after a 17-day hypokinesia
in a bed. After hypokinesia, the glycogen level, as well as the
content of phosphorylase and hexokinase, increased equally
in slow and fast (Ila) muscle fibers [31]. However, after the
space flight there were no significant changes in the glycogen
content of type I fibers, and the glycogen levels of Ila-muscle
fibers even decreased [30]. The authors suggest that the reason
for the absence of the expected glycogen level increase in
the fibers of the soleus muscle of a man after a space flight
could be the astronauts’ lack of energy consumption. The
energy value of astronaut dietary intake was 24.6+3.3 kcal/kg
per day, resulting in an average loss of 2.6kg body weight by
astronauts. However, an increase in lipid content was observed
in the fibers of the soleus muscle after the space flight [7]. In
addition, X.J. Musacchia et al. [34] showed that the triglyceride
reserves increase in the rats’ broad thigh muscle after a 14-day
space flight as compared to hung animals.

M.G. Tavitova et al. [23] found that the triglyceride
content in the slow fibers of rat soleus muscle was almost
unchanged after 3 and 14 days of antiorthostatic hanging of
rats. The fast type fibers showed a tendency toward an increase
in triglycerides after three days of hanging and a tendency
toward a decrease after two weeks of discharge. The change
of intracellular substrates reserve levels in microgravity
conditions may be related to the modulation of energy
consumption when muscle contractile activity is reduced and
the cellular respiration process is transformed, which depends
on the activity of the Krebs cycle enzymes, the state of the
electron transportation chain and mitochondrial membrane
permeability for ADP.

The impact of weightlessness on the cellular respiration
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of rat skeletal muscle mitochondria was studied by exposing
the animals to biosatellites. For example, E.S. Mayilian et
al. [35] studied the tissues of rats exposed to weightlessness
for 18.5 days on biosatellite Kosmos-1129. It was shown that
after the biosatellite flight there was a significant decrease
in the respiration rate of mitochondrial suspension extracted
from the posterior thigh muscle group. The respiratory
depression was clearly expressed both before and after the
addition of ADP in the incubation medium, as well as at
the succinate and o-ketoglutarate oxidation. In addition,
a decrease in the phosphorylation rate associated with the
increased phosphorylation period was observed. On the sixth
day of the readaptation period, the respiration rate was lower
than after the exposure to weightlessness. Only after 29 days
of the flight, was complete restoration of the respiration rate
observed after measuring respiration values. By the sixth day
of readaptation, the respiration parameters among the animals
of the synchronous ground experiment group were not just
recovered, but also exceeded the control values. Besides the
activity of malate dehydrogenase and isocitrate dehydrogenase,
a 1.5-2 times decrease was also found in mitochondria
suspension isolated from rat hind limb muscles. This fact may
indicate insufficient intake of restoration equivalents from the
citric acid cycle into the mitochondrial electron transportation
chain, which may be a reason for the decrease in oxygen
consumption during cellular respiration. It was also found
that after six days of flight the isocitrate dehydrogenase and
malate dehydrogenase and isocitrate dehydrogenase activity
in mitochondria was restored to control values [35].

In situ studies showed that the maximum oxygen intake
by the outer broad thigh muscle of two monkeys exposed
to weightlessness for 15 days was significantly reduced by
28% and 32%, respectively [36]. After two days of the rat
having its hind limbs immobilized, there was a significant
decrease in the respiratory rate (37%) in subsarcolemma
mitochondria isolated from the gastrocnemius muscle [37]. It
was also shown that 28 days of antiorthostatic hanging led
to a respiration rate decrease in a metabolic state to 59% in
the gastrocnemius muscle fibers of a rat (addition glutamate
and malate acted as substrates). There were no significant
differences from control when succinate and rotenone were
used as respiration substrates. The obtained data lead to the
conclusion that the gravitational discharge for 28 days has
an effect on mitochondrial respiration of the gastrocnemius
muscle fibers and, apparently, affects the respiratory chain
complex I (NADH-CoQ-reductase) or any chain section
preceding this complex [38]. It should be noted that at such
impact periods the citrate synthase activity, Krebs cycle
enzyme, catalyzing the formation of citrate from oxaloacetate
and acetyl-CoA, is decreased [39].

The impact of long-term gravity discharge
(antiorthostatic hanging for 35 days) is that it leads to
reduction, after discharge, in the rate of oxygen consumption
in the soleus muscle fibers of endogenous and exogenous
substrates. It may be associated with the transition to the
glycolytic pathway of energy consumption due to the reduced
EMG activity. The absence of an effect from increasing the
respiratory rate while adding exogenous substrates was also

noted as compared to endogenous substrates in the m.soleus
fibers. This fact, as well as F. Yajid’s et al. results [39] may
indicate a breach in the first complex of the respiratory chain
operation — NADH-coenzimQ-oxidoreductase [38].

However, the impact of the enzyme activity of the Krebs
cycle on the process of cellular respiration may be evident
when the state of the respiratory chain remains intact. There
is evidence of a decrease in cytochrome oxidase activity in rat
soleus muscle fibers [40,41]. Furthermore, cellular respiration
depends on mitochondrial membrane permeability, which is
regulated mainly by cytoskeletal proteins [42]. Perhaps one
of these proteins is desmin, which was shown in experiments
with zero-desmin mice [43,44]. It was found that the
oxygen absorption intensity by soleus muscle fibers and the
dissociation constant of ADP are significantly reduced among
mice with the desmin knockout gene as compared to the same
indices among normal mice [44]. It is also known that the
mitochondria are in close association with the cytoskeletal
desmin protein filaments that determine their location in the
cell [44-46] and, possibly, are involved in ADP and creatine
transport regulation through the outer mitochondrial membrane
[42]. As desmin influences the mitochondria distribution and
function, we may assume that the changes in the content of
this protein under gravity discharge conditions and after the
restoration may be correlated with the dynamics of cellular
respiration parameters.

We have previously shown that the desmin content in rat
soleus muscle fibers is reduced after 3 days of antiorthostatic
hanging and reaches its minimum after 7 days, and in 12 days
it almost does not differ from the control level [7]. At the same
time, desmin content is also reduced during the early stages of
rehabilitation after antiorthostatic hanging [47]. The analysis
of cell respiration intensity dynamics at different stages of
recovery and hanging showed that the rate of cell respiration is
reduced at the same time when desmin content decreased [48].

Among other things, the intensity of cellular respiration
may be influenced by the structural condition of the cortical
cytoskeleton. One of the proteins forming a submembrane
cytoskeleton is an actin-binding protein, alpha-actinin-4.
We showed that during the earliest stages of gravitational
discharge, the fibers of the shank muscles experience this
protein dissociation from the cortical cytoskeleton [49,50]. By
taking into account the results of S. Goffart et al. [51] showing
that alpha-actinin-4 may be related to the promoter region of
the cytochrome c gene, resulting in a change in its expression,
one may assume that it may also affect the efficiency of
cellular respiration.

Thus, summarizing the published data one may assume
that metabolism of the fast muscle fibers containing few
mitochondria becomes the determining factor of the nature of
metabolism for the whole muscle tissue. The fast muscle fiber
type is primarily dependent on internal reserves of carbohydrate
substrates. Glycolysis is very effective for high-intensity,
short-term acute activity, but when the glycogen reserves
necessary to perform physical work begin to decrease, the
fat sources of energy are used as a rule. Anaerobic glycolysis
is its ATP source, and the work intensity and duration is
mainly dependent on the glycogen reserves. Obviously, the
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transition to the metabolism inherent in fast fibers reduces the
dependence of working muscle tissue on the effectiveness of
oxygen delivery by the cardiovascular system.

It is known that the products of glucose breakdown play
an important role as precursors, and as intermediates of other
metabolic cycles, so the regulatory enzymes of carbohydrate
breakdown also reveal the respective signals of other metabolic
pathways, and respond to these signals. This fact is another
reason (besides the existence of organ metabolic cycles) for
the adaptive involvement of other organs (especially the liver)
in the metabolic adjustment, started by muscle atrophy and the
transformation of muscle energy metabolism.

Liver

A man’s liver and muscles are constantly exchanging
with substrates. Glutamine, alanine (as the carriers of
ammonia), and pyruvate are coming from muscles; free fatty
acids, glucose, and amino acids come from the liver into
muscles. The liver distributes substrates between organs,
requiring its continuous supply to perform its functions.
However, these organs do not have reserves and/or necessary
enzyme systems for their local formation. Thus, the cardiac
muscle, which consists of fibers inherent in all types of aerobic
metabolism, has no glycogen or lipid reserves. However, its
metabolism in normal conditions is provided with free fatty
acids (and ketone bodies) at the ratio of 1/3 and glucose at the
ratio of 2/3. Another organ, critically dependent on substrate
provision from the liver is the brain, which performs its energy
metabolism almost exclusively on the glucose imported from
the liver and, partially, on B-hydroxybutyrate. Therefore, the
changes of metabolic cycle that connect muscle and liver
influence the flow of substrates from the liver to the heart
and brain. In this regard, it is crucial to understand hepatic
metabolism changes under space flight factors.

Normally, the liver (and the kidneys, adrenal glands,
and erythrocytes) experience an active pentose phosphate
cycle, supplying NAD-H and ribose-5-phosphate. The excess
of fatty acids inhibiting glycolysis and pyruvate oxidation in
the Krebs cycle activates the pentose phosphate pathway of
glucose secondary catabolism. It is shown that the liver of
rats after a space flight has decreased activity of aconitase
and NADF-isocitrate dehydrogenase in mitochondria, NAD-
malate dehydrogenase and NAD-isocitrate dehydrogenase in
the hepatocyte cytoplasm [30,52,53].

It is shown that the glycolytic metabolic pathway
in the liver of hung rats does not undergo any changes;
however, there is very clear evidence of an increase in
enzyme gene expression involved in gluconeogenesis. All
enzymes of flight-group rats involved in the regulation of
gluconeogenesis, increase their activity (pyruvate carboxylase,
phosphoenolpyruvatecarboxykinase, glucose-6-phosphatase,
fructose 1,6-dyphosphatase) [54, 55, 56]. The activation
of phosphoenolpyruvatecarboxykinase indicates the usage
intermediates of the Krebs cycle along with pyruvate as glucose
precursors. The increase in the intensity of gluconeogenesis in
the liver is stimulated also by the excess availability of amino
acids [57-60] secured mainly by the reduction of muscle

tissue remodeling upon activation of liver aminotransferases
[52,53,61,62]. At the same time, the activity of enzymes
involved in fatty acid synthesis was reduced, indicating
reduction in the liver lipogenesis [26, 63-66].

It is believed that the enhanced secretion of
glucocorticosteroids causes the mobilization of glycogenic
amino acids in peripheral tissues, which promotes
gluconeogenesis, glucose increasing the glucose progenitor
pool and simultanecously activating aminotransferase. The
increased activity of 3-aminotransferase tyrosineamino-
transferase (TAT), aspartate aminotransferase (AST) and
alanine-aminotransferase (ALT) was regularly observed in the
liver of flight rats, and AST and ALT were regularly observed
in blood [54,67-69]. At the same time after the biosatellite
Cosmos-782 flight, the ALT in the liver of rats remained
unchanged [54,56].

The accumulation of glycogen in the liver, myocardium
and muscle tissues was regularly observed among rats after
the SF of different periods [56,67-71], despite the absence
of marked glycogen synthase activity changes. The liver
enzyme activity was reduced after the flight of “Cosmos-936”
biosatellite, but remained unchanged after the flight of
“Kosmos-1129” biosatellite.

The liver of flight-group animals had high tyrosine,
triptofanpirrolaze and serindehydrotase activity. The white and
brown adipose tissues had increased levels of free fatty acids,
the liver and thymus had increased levels of triglycerides,
and the blood plasma had an increased concentration of both
lipid metabolism components [54,55]. A surplus of lipid
peroxidation products and the activation of the antioxidant
defense system were discovered also in the liver [72].

Along with the increased concentration of free fatty
acids in blood and tissues [73], the enhancing of lipolytic
processes was confirmed by the increase of triglyceride lipase
activity, detected in the white adipose tissue of rats. In the
latter case, there was an increase not only of the basal activity
but also of hormone-stimulating lipolysis activity.

The increase of free fatty acids in the tissues and blood
contributes to their decrease in oxidation, as indicated by
3-hydroxyacyl-CoA dehydrogenase activity suppression,
found in the soleus and triceps muscles of rats after a flight
[56,67,73-75]. In its turn, the excess of fatty acids inhibiting
glycolysis and pyruvate oxidation in the Krebs cycle activates
the pentose phosphate pathway of glucose metabolism.
These statements are in good agreement with the data on the
reduction of aconitase and NADF-isocitrate dehydrogenase
activity in flight animals’ liver and mitochondria, and of NAD-
malate dehydrogenase and NADF-isocitrate dehydrogenase in
the hepatocyte cytoplasm [56,67].

There was a reduction of the glucose-6-phosphatase
and decarboxylated NADF malate dehydrogenase in the
liver [68,609,76]. The role of malate dehydrogenase is not
limited by its participation in gluconeogenesis, since the
enzyme provides the formation of NADPH cofactor, which
is used for the biosynthesis of fats. Therefore, reduction
of this enzyme activity may be indicative of lipogenesis
inhibition, as evidenced by the activity decrease of enzymes
involved in the biosynthesis of fatty acids, phospholipids,
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and triglycerides (ATP-citrate lyase, diglierid acyltransferase,
phosphatidilholy-phosphoglyceride-acyltrans-transferase)..
At that, there were no changes in the activity of beta-hydroxy-
beta-methylglutaryl-CoA-reductase, which provides the
biosynthesis of cholesterol. Many tissues of flight rats were
characterized by triglycerides increase [54,56,73].

The cholesterol content in the liver was not changed,
as a rule. But an increase in it was detected only after the
flight of the Space-936 biosatellite, where there was a regular
cholesterol increase in blood plasma [56,67,73].

Thus, the data in the literature suggest that the need
of glucose acceptors in this energy substrate increases in
weightless conditions. Thus, the liver extensively uses for its
formation the non-carbohydrate precursors (lactate, pyruvate,
glycerol, amino acid, oxidation intermediates of the citric
acid cycle). Given that the efficiency of the heart muscle is
largely dependent on glucose (about 65%), while the level of
its synthesis by the liver increases, it is reasonable to assume
that the level of energy metabolism in the myocardium
increases in microgravity conditions, but on the other hand,
the consumption of this substrate by muscle tissue is also
increased.

Myocardium

Staying in microgravity conditions leads to various
changes in the cardiovascular system of a person; shifts in the
volume of bodily fluids volume start in the cranial direction
during the acute period [77,78] and the change of heart stroke
volume [79-81].

In order to model the majority of effects identified in
one’s body in the conditions of weightlessness, the model
of antiorthostatic hanging by tail is used among rodents,
particularly amongrats. It is shown that the effects characteristic
for muscle and bone tissues in microgravity conditions are
well reproduced in such ground-based experiments using
antiorthostatic hanging [82,83].

However, data on changes in the cardiovascular system
are contradictory. Most researchers state the redistribution
of fluids and the presence of hypovolemia among rats under
antiorthostatic hanging conditions [35,84,85]. At that, F.G.
Shellock et al. [86] showed that the rate of change depends on
the angle of hanging. Thus, the central venous pressure was
increased among rats hung under an angle of 45° and an angle
of 20°. In the first case, the consistency was already higher
than in the second one after eight hours of hanging. At that,
the values of parameters did not differ from the control group
of rats hung at an angle of 20° after 24 hours of hanging while
values for the group of rats hung under an angle of 45° was
significantly higher than those for the control group [86]. The
effects of the early period, in turn, led to a volume load increase
on the heart by the cardiopulmonary receptors activation [87].

By analyzing the intensity of cellular respiration of the
rat cardiomyocytes during the early stages of antiorthostatic
hanging, we showed that the basal rate of cardiomyocyte cell
respiration among experimental animals remained virtually
unchanged during the experiment, slightly, albeit consistently
increasing during the first day. This may indicate an increase

in the availability of endogenous substrates, such as glucose,
which is consistent with our assumption. At that, the respiration
rate added to glutamate and malate medium, and the maximum
respiration rate was significantly increased after day 1 and
remained as high up to 14 days. At that, in 3 days of recovery
after a 14-day antiorthostatic hanging, all these parameters
were significantly decreased compared with the control level
[49]. The preferential increase of the maximum respiration rate
and the respiration rate on the endogenous substrates indicates
that the number of mitochondria and/or the concentration of
respiratory chain complexes in these mitochondria may be
increased. At that, the number of endogenous substrates was
possibly decreased by the third day of hanging as a basal
respiration rate. This hypothesis is confirmed by the increase
of desmin content in rat cardiomyocytes under antiorthostatic
hanging conditions [49], which are necessary to determine
the localization of mitochondria and the regulation of their
membrane permeability, as well as the data on the content
increase of other oxidative enzymes and mitochondrial
creatine kinase [88].

The longer effects lead to the cellular respiration
intensity of cardiomyocytes beginning to decrease to the
control level. A.X. Bigard et al. [89] found no change in
the intensity of cell respiration in rat cardiomyocytes after
3-weeks of antiorthostatic hanging. Yin et al. [90] and Cui et
al. [91] showed that after four weeks of hanging, the mass of
the rat heart and the blood pressure did not change, but the
left ventricle pressure was reduced. In addition, the sensitivity
of pressosensitive reflex remained unchanged after a 14-day
hanging [92]. These data indicate that the acute period effects
have already been compensated.

At the same time there is evidence of a decrease in
myocardial contractility among rats as the result of a long
hanging [93-95], along with oxygen consumption and a
reduction of myocardial contractility [14,96].

Thus, returning to the metabolic and energy situation in
the body in terms of myocardium provision with the plastic and
energy resources, we may conclude that there is an increase on
the heart volume load and a marked increase in mitochondrial
enzyme activity during the early stages of gravitational
discharge. Later, during a prolonged stay in an antiorthostatic
hanging, although the heart weight and blood pressure changes
were not observed among experimental animals, the central
venous pressure decreased. We also observed a decrease in the
contractile capacity of the myocardium, including individual
cardiomyocyte. During the long-term modeling of gravity
discharge myocardial oxygen consumption fell, indicating a
decrease in metabolism level for this tissue.

Organism energy exchange

The body’s energy balance is closely related to the
energy substrate flow modification and with the plastic
metabolism changes. The orbital station Mir revealed more
than a 50% decrease in the protein synthesis rate and an energy
consumption reduction by 25%, compared with the pre-flight
animals [32]. The energy consumption in these missions made
(26+2.4 kcalkg'd"), which resulted in an negative energy



134 1. M. Larina & I. V. Ogneva / International Journal of BioMedicine 4(3) (2014) 129-137

balance [32]. The lower level of energy consumption (24.4 +
2.4 kcalkg'd") was observed during LMS flights [33]. The
deficit of energy consumption, along with the reduction of the
gravitational load on the musculoskeletal system are two of
the top three causes of astronaut body weight loss during long-
term flights [97]. Based on the meta-analysis of the data at the
LSAH database (NASA’s longitudinal study of astronaut health
(LSAH) data base), A.K. Matsumoto et al. [98] concluded that
if the loss of an astronaut’s body weight during a flight will
continue linearly at the rate currently observed on the ISS,
the clinically significant weight-loss data (10% or more) will
be observed as early as the second year of future long-term
missions. According to T.P. Stein, the body weight loss of this
level that is caused by a deficiency in energy consumption
may no longer be compensated by a one’s body [99].

Additionally, A.K. Matsumoto et al. [100] concluded in
their analysis that the higher the level of an astronaut’s physical
fitness at the beginning, the greater the weight loss during his
flight. This may be explained by the fact that the increase in
astronaut muscle mass during the preflight period will lead
to an alteration in the metabolic status of greater number
of muscle cells, that is, will be transferred to the glycolytic
type of metabolism and as a result, the needs of pretrained
astronaut muscle tissue in glucose will increase compared
with those astronauts who have not conducted special training
before the flight. Moreover, the basal level of myocardial
needs in energy substrates among trained astronauts is also
higher. Consequently, the pretrained astronauts will need to
increase the supply of organ cycles with energy substrates.
The terms of protein metabolism reduction in muscles and an
inadequate inflow of energy substrates from outside (during a
flight) form the image of energy deficiency in all tissues of the
body associated by organ metabolic cycles with the liver and
muscles. Thus, the physical activity increase in the course of
training in space flight conditions, aimed at the muscle skeletal
system support, will lead to a greater deficit [99].

In general, a vicious circle is established: the myocardium
and muscle tissue increase their glucose requirements,
while the energy substrate supply decreases from outside.
Consequently, the body energy reserves are depleted, which
may lead to a malfunction of cardiovascular and other body
systems. Thus, T.R. Stein and A.K. Matsumoto believe that
the inability to maintain an astronaut energy balance will
become an increasingly important health problem during long
and extremely long missions [98-100].

Conclusion

Under space flight conditions, despite the sharp decline
of muscle activity (lack of body weight, small volume of
movements), it is necessary to keep physical performance at
the highest possible level to perform extravehicular activities,
carry out the necessary work at the station (e.g., repairing) and
ultimately to return to Earth. The astronauts who will fly to
other planets, a chore that requires functionally active muscles,
will also need to be strong enough to move in a space suit,
even if the magnitude of the gravitational field will be only
1/3 or 2/3 of the Earth’s gravity (as on the Moon or Mars).

The essential problem is to maintain not only the normal
functioning of muscles, but also the normal functioning of the
cardiovascular system.

Regarding the development of an adaptive functioning
pattern, both systems are closely related to each other.
Myocardium and muscle tissue have the primary effects of
hypogravity actions that are associated with the rearrangement
of cells due to changes in external mechanical stress. On
the one hand, in the early stages of a flight the heart load
increases, resulting in intracellular mechanical transduction,
which may lead to the intensification of the cell respiration
processes as it takes place in laboratory animals during
antiorthostatic hanging. Consequently, the energy substrate
needs are increased. On the other hand, as the result of direct
interaction between muscular cells and mechanical fields, as
well as indirect interaction caused by the changes in the level
of neural stimulation, the gene expression pattern changes with
the consequent increase of fiber content with the provision
for the glycolytic type of substrate energy products. The
change of muscle tissue metabolism, as the most significant
mass and metabolically active tissues in a body, cannot affect
the metabolism of other functional systems and organs. It is
obvious that the decrease in the rate of muscle tissue exchange
within the muscle tissue, particularly in postural antigravity
muscles, and the transition from lipid to carbohydrate
metabolism requires an increase in the gluconeogenesis level
in the liver. However, the heart muscle also consumes glucose.
With the deficiency of energy consumption during a space
flight, this substrate may be depleted, which, in turn, will lead
to a decrease in efficiency for the postural muscles that were
transited to carbohydrate metabolism and myocardium, for
which the carbohydrate metabolism is the dominant one. For
this reason, an increase of physical exercise, requiring an even
greater increase in the number of incoming energy substrates
in space flight conditions (i.e., when there is an energy
consumption reduction from the outside, with food) will lead
to a greater deficit in a body.

In view of all facts mentioned above, it appears that the
development of effective methods for preventing the negative
effects on an astronaut staying in weightless conditions should
be based both on the use of cell protection means to reduce the
external mechanical stress (for example, ensuring the structure
of the cortical cytoskeleton support by pharmacological
modulation of the biological membrane properties and
stimulating the expression of actin-binding proteins) and
to take into account the basic principles of regulating the
relationship among metabolic effects in various systems of
the body, including the development of a negative protein and
energy metabolism under SF conditions.
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